A series of thermoresponsive polypeptides has been synthesized using methodology that allowed facile adjustment of side-chain functional groups. The lower critical solution temperature (LCST) properties of these polymers in water were then evaluated relative to systematic molecular modifications in their side-chains. It was found that in addition to the number of ethylene glycol repeats in the side-chains, terminal and linker groups also have substantial, and predictable effects on cloud point temperatures (T cp ). In particular, we found that the structure of these polypeptides allowed for inclusion of polar hydroxyl groups, which significantly increased their hydrophilicity and decreased the need to use long oligoethylene glycol repeats to obtain LCSTs. The thioether linkages in these polypeptides were found to provide an additional structural feature for reversible switching of both polypeptide conformation and thermoresponsive properties.
Introduction
Polymers that respond to temperature in solution, especially in aqueous media, have received much attention for a variety of applications such as stimulus-responsive assemblies, and as materials for potential use in medicine. [1] [2] [3] Double hydrophilic block copolymers containing a thermoresponsive segment, i.e. possessing a lower critical solution temperature (LCST), are able to transform from solutions in water into hydrogels 4, 5 or suspensions of nanoparticles 6,7 upon heating to above the LCST. In recent years there has been considerable development of new polymers that possess LCSTs in water, primarily based on repeats bearing short oligoethylene glycol (OEG) side-chains. 8 Initial efforts in this area focused on polymethacrylates and polyacrylates containing OEG side-chain groups, [9] [10] [11] [12] and now this motif has been used to prepare other types of thermoresponsive polymers, such as OEG containing polypeptides. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Thermoresponsive polypeptides are desirable compared to other polymers since they can degrade in living systems, which is advantageous for biological and medical applications. OEG containing thermoresponsive polypeptides have been prepared using a variety of methods, using different core amino acid residues, and also with a wide range in number of ethylene glycol (EG) repeats and means of their attachment to different residues. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] While many thermoresponsive polypeptides have been described that possess LCSTs, there is limited understanding of how the molecular features of different side-chain structures affect solution properties. For most thermoresponsive polypeptides, LCST is mainly adjusted by variation of the number of side-chain EG repeats, with less attention given to the components of different linkages. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Hence, it can be difficult to understand the differences in thermoresponsive properties of OEG containing polypeptides prepared using different amino acids and side-chain linkages. Here, we have utilized a recently developed synthetic methodology that allows facile modification of polypeptide sidechains 24, 25 to prepare a series of thermoresponsive OEG containing polypeptides, where the number of EG repeats, EG terminal groups, and linkage groups were all systematically varied in order to obtain insights on how these molecular features affect LCST behavior ( Figure 1 ). Using this family of polypeptides with side-chain diversity, we show that adjustment of each of these molecular features can be used to predictably adjust LCST, 4 allowing for an understanding of how different molecular components influence polypeptide solution properties. 
2-acetoxyethyl glycidyl ether
A solution of 2-(allyloxy)ethyl acetate 32 (1.0 g, 6.9 mmol, 1 eq) in CH 2 Cl 2 (25 mL) was cooled on an ice bath. mCPBA (2.6 g, 10.4 mmol, 1.5 eq) was added in one portion. The mixture was allowed to warm to room temperature and stirred for 48 h. The reaction was quenched on an ice bath with 10% Na 2 SO 3 (13 mL) and Na 2 CO 3 (11 mL). The mixture was stirred for 5 min and transferred to a separatory funnel using EtOAc (30 mL) to 6 complete the transfer. The organic phase was partitioned, and washed with sat. aqueous NaHCO 3 (30 mL) followed by brine (30 mL 
Modification of OEG-HCy Polymers

Poly(S-(2-acetoxy-4,7,10,13-tetraoxatetradecyl)-L-homocysteine), 3a
A solution of 2f (6.0 mg, 0.020 mmol OH-groups, 1 eq) in THF (0.50 mL) was treated with 
Poly(S-(2-(((2-methoxyethoxy)carbonyl)oxy)-4,7,10,13-tetraoxatetradecyl)-Lhomocysteine), 3b
7 A solution of 2f (6.0 mg, 0.020 mmol OH-groups, 1 eq) in THF (0.50 mL) was treated with 2-methoxyethyl chloroformate (24 µL, 0.20 mmol, 10 eq) followed by pyridine (17 µL, 0.20 mmol, 10 eq). The product was purified and isolated analogously to 3a, to provide 3b 
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A series of poly(OEG-alkylated-L-homocysteine) 60 derivatives, OEG-Hcy (2a-2f)
were prepared using a recently developed two-step process from poly(L-methionine) 60 , M 60 , via its alkylation using functionalized epoxides in acetic acid, followed by demethylation using ammonium pyrrolidine dithiocarbamate (APDC) (Figure 1) . 24, 25 This methodology allowed us to rapidly and efficiently synthesize a systematic series of OEG functionalized polypeptides, which contained an unprecedented level of side-chain diversity ( Figure 1 ). In these samples, the number of EG repeats was varied from 1 to 3, and the EG terminal groups were also varied to include H, Ac, Me, and Et. To further increase diversity, samples of polypeptide 2f were modified at the hydroxyl groups in the linker between EG and amino acid into acetate (3a) and 2-methoxyethylcarbonate (3b) derivatives (eq 1). An equimolar statistical copolymer of 2d and 2e (4b, see SI eq S1) was also prepared for analysis. All of the non-ionic OEG-Hcy samples described above were found to adopt predominantly α-helical conformations in deionized water at 22 °C (except for water insoluble 2c, which was measured in MeOH at 22 °C), as determined by circular dichroism (CD) spectroscopy (see SI Figure S1 ) We envisioned that most of these OEG-Hcy derivatives would be thermoresponsive similar to OEG containing polypeptides reported by ourselves and other workers. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The significance of this new series of polymers is the incorporation of precise side-chain structural modifications, which enable systematic study of the effects of different functionalities on the properties of the materials. Figure 2 shows the results obtained from analysis of aqueous solutions of all the different OEG-Hcy homopolymers at concentrations of 3.0 mg/ml. Cloud point temperatures (T cp ) were determined at 50%
transmittance by monitoring solution transmittance as a function of temperature, and were used to approximate the equilibrium LCST values. 19 Since chain length variation and polymer concentration are well known to affect T cp values, [1] [2] [3] 8 all samples were identical in length, being prepared from the same stock of M 60 .
As can be seen in Figure 2 , all samples, except fully water soluble 2a and water insoluble 2c, showed a T cp in water, which varied widely depending on number of EG repeats, as well as the nature of both the terminal and linker groups. These T cp were found to be reversible with minimal hysteresis, and polymers remained α-helical above T cp (see SI Figure S2 ). To study the effect of salts on T cp , solutions of 2e were examined in the presence of different Hofmeister anions. Anions were varied since they are known to have more substantial effects on polymer thermoresponsive properties compared to cations ( Figure 3) . 33 Different salt concentrations affected the cloud point temperatures of polymer 2e in ways similar to observations made on other thermoresponsive polymer systems, 19, 33, 34 and allow for predictable tuning of T cp in different ionic media. Note that none of the polycationic precursor polymers 1a-1f showed a T cp in water, and were fully water soluble due to their polyelectrolyte nature. In order to better understand the origins of the differences in T cp values for the samples in Figure 2 , we examined trends in T cp as individual molecular features were varied. Samples 2b, 2d, and 2f, differ only in that the number of side-chain EG repeats increased from 1 to 3, which resulted in commensurate increases in T cp of ca. 20 °C per EG residue (Figure 4a ), similar to the increases observed in OEG containing polymethacrylates. [9] [10] [11] [12] Variation in number of EG repeats is the most common method used to adjust T cp , since OEG units enhance water solubility at lower temperatures via Hbonding interactions with solvent that favor mixing, but these H-bonding interactions are disrupted at elevated temperatures, resulting in an LCST. 8 Beyond variation of EG repeats, we observed that the nature of linker and EG terminal groups, R 1 and R 2 from Figure 2 , respectively, also had significant effects on T cp . of the side-chain alcohol in 2f to the acetate ester (3a) or 2-methoxyethyl carbonate (3b). Samples with different linker groups (R 1 ), which included hydroxyl (2f), acetate (3a) and 2-methoxyethylcarbonate (3b), were also found to possess a range of T cp values (Figure 4b ). Both carbonate and ester functionalities were found to greatly lower T cp compared to the parent hydroxyl group, which has much greater ability to H-bond, both as donor and acceptor, to water solvent. The similarity in T cp between 3a and 3b may be explained by the higher polarity of the ester group being counterbalanced by a less polar carbonate that also includes a solubilizing EG group. This series of samples shows that the hydroxyl group in the linker of 2f provides a substantial enhancement in water solubility as evidenced by the increase in T cp of ca. 36 °C over the other samples. Polar hydroxyl groups have been introduced previously in thermoresponsive statistical copolymers as a means to increase T cp . 9, 12, 15 However, no other homopolymers with hydroxyl groups in each sidechain are known to possess an LCST in water, as high hydroxyl group density typically results in chains being fully soluble in water regardless of temperature. 9, 12, 15 The unique localization of hydroxyl groups in our samples within the linker region, as opposed to the side-chain terminus, may be the reason why hydroxyl containing OEG-Hcy polypeptides possess LCSTs. Supporting this hypothesis, sample 2a, which contains an additional hydroxyl group at the side-chain terminus, was found to be fully water soluble with no LCST (Figure 2 ).
The effect of the EG terminal groups (R 2 ) on T cp was also studied with samples 2d, 2e, and 4b, where R 2 was either Me, Et, or a 1:1 statistical mixture of Me and Et. As the groups became more hydrophobic, the polymers became less water soluble, and T cp values decreased (Figure 4c ). The statistically grafted copolymer 4b showed that terminal groups can be mixed to obtain a single, reversible transition at an intermediate T cp value. Slight broadening of the thermal transition for this statistical copolymer compared to the homopolymers may be due to small differences in comonomer distribution among individual copolymer chains. Physical blends were also prepared of sample 2e with 2d or 2f, which upon heating showed the presence of distinct T cp for each polymer component (see SI Figure S3 ). 35 These data suggest that statistical functionalization of individual chains is necessary to obtain a single, average T cp , while physical blending retains the characteristics of the individual components. These principles are potentially useful for fine adjustment of T cp values, as well as preparation of sequentially thermoresponsive blends and block copolymers. LCSTs. 13 Similar behavior was also observed here for a sample of 2b prepared from racemic poly(DL-methionine) (i.e. rac-2b, see SI Figures S1 and S4).
Since chain conformations of OEG-Hcy polymers affect whether or not they have
LCSTs in water, we utilized oxidation of the thioether linkages in these polymers as a means to alter both chain conformation and side-chain polarity (eq 2). As we previously 13 reported, 19, 36, 37 oxidation of thioether groups in poly(alkyl-L-homocysteine)s to sulfoxides results in a transition from α-helical to disordered conformations, and further oxidation to sulfones results in reversion to stable α-helical conformations. As shown by example with 2b, these oxidation induced conformational changes, as measured using CD spectroscopy, also occur in the OEG-Hcy polypeptides (Figure 5a) . Examination of the water solubility for the sulfoxide (5a) and sulfone (5b) derivatives of 2b as a function of temperature showed that both have good solubility and neither polymer has a LCST (Figure 5b ). The disordered conformation of 5a likely improves solubility of this sample compared to 2b, however the increased polarity of both the sulfoxide and sulfone groups in 5a and 5b also significantly increases their water solubility, such that the helicity of 5b does not lead to recovery of an LCST. Overall, oxidation of thioether groups in OEG-Hcy polymers is an effective means to switch off their LCST properties. Since sulfoxides can also be reduced back to thioether groups under mild conditions, 19, 36, 37 interconversion between these two states can be envisioned as a means to reversibly switch OEG-Hcy polymers between thermoresponsive and fully water soluble states. conformation. Oxidation to the sulfoxide (5a) shows a disordered conformation, and further oxidation to the sulfone (5b) restores the α-helical conformation. All data were recorded in H 2 O at 0.5 mg/mL, 20 °C. For 5b no data were recorded below 198 nm due to sulfoxide absorption. 2b and 5b were found to be 84% and 86% α-helical, respectively. (B) 2b shows a T cp in water, but the more hydrophilic (5a, 5b) and disordered (5a) derivatives do not.
Conclusions
A series of new thermoresponsive polypeptides with systematic side-chain diversity has been reported and their LCST properties were evaluated relative to different molecular 14 modifications in their side-chains. In addition to LCST adjustment due to variation of EG repeats, we found that terminal and linker groups can also have substantial, and predictable effects on T cp . In particular, we have found that OEG-Hcy structures allowed for inclusion of polar hydroxyl groups into homopolymers, which significantly increased their hydrophilicity and decreased the need to use long OEG repeats to obtain LCSTs. The thioether linkages in these polypeptides provided an additional structural feature for reversible switching of both polypeptide conformation and thermoresponsive properties.
Overall, these OEG-Hcy polymers possess a number of side-chain molecular features that can be readily incorporated and manipulated to adjust T cp and chain conformation, thus making this system attractive for applications requiring highly tunable thermoresponsive polymers.
